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AN EXPERIMENTAL INVESTIGATION OF THE VISCOUS
DAMPING OF LIQUID SLOSHING IN
SPHERICAL TANKS

By Irving E. Sumner and Andrew J. Stofan

SUMMARY

An experimental investigation was conducted to determine the viscous slosh-
damping characteristics of several liqulds having a wide range of kinematic vis-
coslities. The tests were conducted with three rigld spherical tanks 9.5, 20.5,
and 32.0 inches in dliameter. The kinematle viscosity of the contained liquild was
varied from 1.23x10-6 to 1.183x10-2 square foot per second by utilizing mercury,
acetylene tetrabromide, and several mixtures of water and glycerine. The first-
mode slosh-force parameter was generalized for all values of klnematic viscosity
and tank diameter investigated when presented as a function of dimensionless vis-
coslty and excitetion-amplitude parameters. The average first-mode damping ratio
was observed to be independent of the exclitation amplitude over the range lnves-
tigated and was generalized for all values of klnematic vlscosity and tank diam-
eter when presented as a function of the dimensionless viscosity parameter only.

INTRODUCTION

One of the problem areas currently assoclated with llquid-fuel propulsion
systems used 1n missiles and space-flight vehicles 1s that of damping the oscil-
lations of the propellant masses that may result from the dynamic response of the
vehicle to the attlitude-stabilizatlon-control system. The oscillation of the
propellants, when allowed to continue undamped, can create slosh forces that may
have an adverse effect on the stabllity and structural integrlity of the vehicle.
When liquid sloshing occurs in a spherical tank, for example, the maximum slosh
forces approach a value equal to approximately one-fourth of the apparent weight
of the contained liquid (ref. 1). Generally, the most effective method of de-
creasing the slosh forces is to reduce the amplitude of the liquid oscillations
by increasing the damping applied to the contained liquid.

Several methods of incressing the damping applied to the contained liquid
have been investigated for several different tank configurations. Among these
are the use of floating cans and asymmetrical or annular ring baffles (refs. 2
to 7) and the use of positive-expulsion bags and diaphragms (refs. 8 and 9).
Another method of increasing the liquid demping that mey warrant consideration
is the use of the viscous damping inherent in high viscosity liquids or, as



applied to missiles or space vehicles, the use of thixotropic propellants.
Knowledge of the viscous-damping characteristics of liquid sloshing would en-
able prediction of maximum slosh forces and damping ratios for thixotropic
propellants as well as for more conventional propellents of varying viscosity.

Accordingly, an experimental investigation was conducted at the NASA Lewis
Research Center to study the potential slosh-damping effectiveness of viscous
liquids having a range of kinemati¢ viscosities from 1.23x107" to 1.183x102
square foot per second. The investigation was conducted utilizing three rigid
spherical tanks 9.5, 20.5, and 32.0 inches in diameter. The spherical tank con-
figuration was chosen because (1) the minimum tank weight for a given volume
provides definite advantages for some space-vehicle applications and (2) the
information presently available on liquid sloshing in spherical tank configura-
tions is relatively scarce. The effects of liquid kinematic viscosity, as well
as excitation amplitude and frequency, on the horizontal slosh forces and damp-
ing ratios were investigated.

SYMBOLS
B viscosity perameter, v/-/gD3, dimensionless
D tank diameter, ft
Fq horizontal slosh force, 1b
g vertical acceleration, 32.174 ft/sec?

h liquid depth, ft

h/2R  1liquid depth ratio, dimensionless
R tank radius, ft

X5 excitation amplitude, ft

XO/D excitation-amplitude parameter, dimensionless

o oscillatory excltation frequency, radians/ sec

) damping ratio, 1n [(Fs)n/(Fs)nJrl]

P liquid mass density, slugs/cu ft

n excitation-frequency parameter, « g, dimensionless



A slosh-force parameter, Fg/pgD®, dimensionless

v liquid kinematic viscosity, £t2/sec
Subscript:
n cycle number (1,2,3,4, . . .,n)

APPARATUS AND INSTRUMENTATION

Two experimental test facllities were utilized 1n this investigation. The
smaller experimental test facllity shown in figure 1 was 1dentical to that used
in the investigations of liquid sloshing reported in references 1, 8, and 9. A
9.5-inch-dlameter spherical tank was formed in a laminated lucite block. When
placed on the test facillty, the tank was mounted on four ball bearings and was
free to oscillate in one direction in the horizontal plane. The slnusoidal mo-
tion of the tank was produced by 8 slider-crank mechanism driven through a
variable-speed transmission by an a-c electric motor. The excitation frequency
could be varied from 0 to 5 cycles per second. The electric drlving motor was
wired so that the alternating current could be removed from the field and a
direct current could be applied to one of the fleld windings. This enabled the
oscillatory motion of the tank to be "qulck-stopped" so that only the residual
horizontal forces resulting from the liquld motion could be measured. These re-
sidual slosh forces were sensed by a strain gage mounted between the tank and the
slider-crank mechanism. The signal from the strain gage was displayed by means
of a continuously recording strlp chart.

The larger experimental test facility 1s shown in figure 2. Spherical tanks
with diameters of 20.5 and 32.0 1inches were mounted on a test bed that was sus-
pended from a frame through three vertically orlented load cells and one horizon-
tally orlented load cell. The frame was suspended from overhead crossbeams and
was free to osclllate in one directlion in the horilzontal plane. The driving
force was provided by & hydraulic cylinder and piston. The excltation amplitude
could be varled from O to 1L inch, and the excltatlon frequency could be varied
from O to 20 cycles per second. A sinusoldal excltation wave form was used for
this investigation. The electric and hydraulie control eircults for the driving
mechanism were designed to enable the osclllatory motion of the frame, test bed,
and tank to be quick-stopped at a polnt of zero velocity during any glven cycle
of oscillation so that only the residual horlzontal forces resulting from the
1liquid motion could be measured. The horizontal slosh forces were sensed by the
horizontal load cell, and the signal was displayed on a continuously recordlng
strip chart. The three vertlical load cells were not utilized in the present in-
vestigation for instrumentation.

The slosh liquids used in this investigation were water
(v = 1.062x10™° ftz/sec), glycerine (v = 1.183x107% ftZ/sec), and a mixture of
these two liquids 1n varylng percentages to obtain Intermediate values of kine-
matic viscosity. Unpublished NASA data also Included for this investligation were
damping ratios determined from experimental tests utilizing mercury
(v = 1.23x10-6 rt2 sec) and acetylene tetrabromide, commonly known as TBE
(v = 3.538x107° ft2/sec).



PROCEDURE

The effectiveness of slosh-suppresslon methods is the most critical to mis-
sile design at conditions where the slosh forces are & maximum. From an investi-
gatlon of unrestricted sloshing characteristics (ref. 1), 1t was observed that
the maximum slosh forces occurred at the flrst natural mode and at a liquld-depth
ratio (h/ZR) of 0.50. Therefore, 8ll of the tests reported herein were conducted
at a liquid-depth ratio of 0.50.

For each data point tasken on elther test facility, the tank was oscillated
at a preselected excltation frequency and amplitude until the wave helght of the
1liquid on the tank wall had reached the maximum value that could be obtained
wilithout the surface of the llquld breaking up and showerlng liquld throughout the
tank. The oscillatory motion of the tank was then quick-stopped, and the resld-
ual horlzontal slosh forces were recorded. The excltation smplitude was held
constant at 0.100 inch while excitatlon frequenciles encompassing the funda-
mental mode were investigated with the smaller test facillity. Because of the
limitations of this facility, an excltation amplitude smaller than 0.100 inch
would not permlt accurate slosh-force measurements of the higher viscosity
liquids, while a larger excltation amplitude forced the wave forms of the lower
viscosity liquids to bulld up so rapldly that the oseclllatory motion of the tank
could not be quick-stopped at the proper time. Excitation amplitudes from 0.050
to 0.900 inch and excitation frequencles encompassing the first two natural modes
of oscillation were investlgated with the larger test facility.

DATA REDUCTION

The experimental values of the slosh forces and excltation frequencles were
reduced to the dimensionless parameters A = Fs/pgD3 and 1 = a-~/R/g, respec-
tively. The slosh-force parsmeter was calculated by using the magnitude of the
first force peak occurring immediately after the oscillatory motion of the tank
had been quick-stopped. The damplng ratios were calculated as the logarithmic
decrement of a smooth curve falred through successlve force peaks. The g term
appearing in the parameters 1s equal to the vertlecal acceleration of the tank
(32.174 ft/secZ for the present investigation).

PRESENTATION AND DISCUSSION OF RESULTS
Slosh~Force Parameter

Genersl effect of kinematic viscosity. - The general slosh-force suppression
characteristics obtained by increasing the kinematic viscosity of the contained
liquid from that of water (v = 0.1x10-%4 ftZ2/sec) to that of 100 percent glycerine
(v = 118.3x10~% ft2/sec) in each of the three spherical tanks is presented in
figure 3 for & nearly constant value of the excitation-smplitude parameter XO/D.
For each tank diameter, the dimensionless slosh-force parameter increased and
reached a maximum value as the excitatlion-frequency parameter increased and ap-
proached that value associated with the first natural mode (n = 1.254, ref. 1).
The force parameter then decreased with a further Increase of the excitatlion-
frequency parameter. For each tank oscillated at a given value of the

4



excitation-frequency parameter, the effect of Increasing the kinematic viscosity
of the contalned liquid from 0.1X10-% to 118.3x10-4 square foot per second was

to reduce the wave helght to which the liquild mass could be driven. The conse-
quent reduction of the first-mode slosh-force parameter (the maximum value of the
force parameter that occurred when the excitation frequency wae equal to the fun-
damental frequency of oscillation of the contained liquid) was as much as 67 per-
cent in the 9.5-1nch-diameter tank, 55 percent in the 20.5-1lnch-dlameter tank,
and 28 percent in the 32.0-inch-dlameter tank. The small, relatively insignifi-
cant force peak shown at the second natural mode (7 = 2.322) was almost com-
pletely eliminated by the increased kinematic viscosglty of 100 percent glycerine.
The value of the excitation-frequency parameter at which the maximum slosh forces
occurred remsined essentially constant for all tank dlameters investigated and
was not affected by the kinematic viscosity of the contained slosh liquid.

The slosh-force parameters obtained for & relatlvely nonviscous liquid
(water) reached a maximum value of about 0.06 at the first mode. It was observed
that the value of the excitatlon-amplitude parameter (X,/D ~ 0.0l) (1) drove the
wave form of the liquld oscillatlons to approximately the same value of wave-
height to tank-dlameter ratlo for all three tanks and (2) was sufficlently large
to drive the wave-helght to tank-diameter ratio to nearly the maximum value dic-
tated by the spherical tank configuration and still maintain the nearly flat
1liquid surface characteristics of first-mode sloshing.

With 100 percent glycerine (v = 118. 3x10-4 ftz/sec), the first-mode slosh-
force parameter increasged with tank dlameter for nearly constant values of the
excitation~amplitude parameter. The effect of the large increase of kinematic
viscosity on this force parameter 1s discussed further in the appendix.

The effect of a varlation of the excitation-amplitude parameter (Xo/D) on
the slosh-force parameter utlilizing 100 percent glycerine as the contained slosh
liquid is presented in figure 4(a) for the 20.5-inch-diameter tank and 1n fig-
ure 4(b) for the 32.0-inch-dlameter tank. For each tank diameter, an increase of
Xo/D resulted in an increase of the wave height to which the 1liquid surface was
driven, which increased the value of the force parameter. The first-mode slosh-
force parameter generally increased without regard to tank dlameter with an in-
crease in the excitation amplitude X.

The effect of kinematic viscosity on the flrst-mode slosh-force parameter
over a wlde range of XO/D is presented for the 32.0-inch-diasmeter tank in fig-
ure 5. The force parameter (1) decreased with an increase of kinematic viscos-
ity and (2) increased with an increase of the excitatlon amplitude. The hilgher
viscosity of 100 percent glycerine decreased the first-mode slosh-force parameter
from that obtained for water by 60 percent or more for values of XO/D < 0.004,
for example, but decreased the force parameter by only about 10 percent at a
value of XO/D of 0.028l, which was the maximum value investlgated.

The variation of the slosh-force-parameter levels occurrling at a given ex-
cltation frequency or amplitude is due to experimental technique. The scatter of
the data 1s attributed to the diffilculty in visually observing that the wave
height of the liquid surface had reached a maximum value and in quick-stoppling
the osclllatory motion of the tank during the same cycle.



A phenomenon known as liquid swirl, which i1s frequently encountered in
liquid sloshing, occurs most often at excitatlon frequencles near or equal to the
fundamental freguencies. Although frequently observed with lower viscosity
liquids, liquid swirl was never observed for those liquids having kinematic vis-
cosities greater than approximately 10x10-4 squere foot per second.

Generalized results. - The filrst-mode slosh-force parameters obtalned for
water tended to become generalized (within experimental accuracy) relative to
tank dlameter when presented as a function of the excitation-amplitude parameter
XO/D, as shown in figure 6. The force parameter Increased to a maximum velue of
0.061 at an Xo/D of 0.0125 and remained constant with any further increase of
Xo/D. At X,/D = 0.0125, the wave helght of the surface of the liquid at the
tank wall became limited by the physical configuration of the tank and was,
therefore, the maximum that could be obtained. The only effect of increasing the
value of XO/D beyond that of 0.0125 was to breakup the relatively flat liquid
surface causing a small portion of the liquld to splash over the top and shower
down through the center of the tank (fig. 2(b)). However, the first-mode force
parameters obtained for 100 percent glycerine did not generalize for various tank
diameters when presented as a function of Xo/D. At a glven value of X,/D, the
force parameters for 100 percent glycerine decreased with the tank diameter below
those values obtalned with water for the reasons discussed in the appendix. It
appears that the flrst-mode slosh-force parameters may closely approach those
values obtained for water with either very large values of tank dlameter or ex-
citation amplitude.

A dimensionless vliscosity parameter B = v/w/gDB, which 1s similar to that
derived in reference 10, was applied to the experimental data in an effort to
predict more readily the first-mode slosh forces over the complete range of lig-
uld kinematic viscosities. The flrst-mode slosh-force parameters obtained for
all tank diameters Iinvestigated are presented as a function of the viscosity pa-
remeter for a value of XO/D of about 0.0l in figure 7. The force parameter was
generalized relative to tank diameter and liquid kinematlc viscoslty and de-
creased with an increase of the viscosity parameter.

To predict the values of the first-mode slosh-force parameter over a wide
range of XO/D, the experimental data obtained from the 32,0-inch-dlameter tank
(fig. 5) are presented as a function of the viscosity parameter in figure 8.
With the assumption that the viscoslty parameter does generalize the data for
values of XO/D other than those presented 1n figure 7, the famlly of curves
generated in figure 8 is applicable in predicting the first-mode slosh forces
that could be expected to occur for any value of the viscosity parameter within
the range lnvestigated and for a tank of any dlameter oscillated over a range of
XO/D from 0.00156 to 0.02810. To obtain substantial reductions of the first-
mode slosh-force parameter, the viscosity parameter must be high (maximum liquid
kinematic viscosity and minimum tank diameter), and XO/D should be a minimum.

Damping Ratilo
General effect of kinematic viscosity. - The damping ratios (or logarithmic

decrements) obtained over a range of liquid kinematic viscosities are presented
as a function of the excitatlon-frequency parameter in figures 9(a) to (c) for
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tank dlameters of 9.5, 20.5, and 32.0 inches, respectively. In géneral, the
damping ratios obtalined for each tank dlameter increased with the kilnematlec vis-
cosity of the contalned liquid and were essentially independent of the excitation
amplitudes Ilnvestligated. The damplng ratios appeared to be dependent upon the
excltation-frequency parameter when both the wave height and tank diameter were
small. However, the damping ratios obtalned in the 32.0-inch-diameter tank were,
withln experimental accuracy, independent of the excitation-frequency parameter.

Figure 10 presents the average first-mode damping ratio (an average of damp-
ing ratios obtained for excitation frequencies at and near that of the funda-
mental mode) as a function of the liquid kinematic viscosity for the three tank
dlameters lnvestligated. The damplng ratio increased with kinematic viscosity for
81l the tank dlameters. However, for a constant value of the kinematic viscos-
ity, the damping ratlos decreased as the tank diameter increased; thils decrease
is a direct result of the reduction of the wetted-tank-wall-area to volume ratio
discussed in the appendix. The error bars on the curve for the 32.0-inch-
diasmeter tank indicate the range of damping ratios (data scatter) obtained for
values of X, from 0.050 to 0.900 inch. This data scatter for the damping
ratios presented in figures 9 and 10 is due to (1) the limitations of the test
facility and (2) the difficulty in fairing a curve through successive force peaks,
which would provide a constant value of the damping ratio through successive
cycles of the liquid oscillations.

Generalized results. - The average first-mode damping ratios obtained for
all 1liqulds investigated (TBE, mercury, and mixtures of glycerine and water) are
presented in figure 11 as a functlion of the dimensionless viscosity parameter for
the range of tank diameters investigated. The viscosity paraﬁ@ter did generalize
the effect of kinematic viscosity and tank diameter on the first-mode damping
ratio for spherical tanks at a liquld-depth ratilo (h/ZR) of 0.50. The fact that
a straight line may be falred through experimental data indicates that a relation
exists between the flirst-mode damping ratio and the viscosity parameter in the
form

4 N
5 =c (X0 (1)
_/gDS
where ¢ and N are constants that may be determined from the curve. The con-

stants were found to have the values ¢ = 0.131 and N = 0.359. The relation
between the first-mode damping ratio and the viscoslty parameter is then

§ = 0.131 (VXIO ) (2)

gD3

SUMMARY CF RESULTS

An experimental Investigation was conducted utilizing three spherical tanks
9.5, 20.5, and 32.0 1nches 1n diameter to determine the effect of a large varia-
tion of liquid kinematic viscosity on the horizontal slosh forces over a range
of (1) excitation frequencies encompassing the first and second natural modes



of oscillation of the contained liquid and (2) excitation amplitudes from 0. 050
to 0.900 inch. The liquid-depth ratio (h/BR) was malntained at a value of 0.50
where the maximum first-mode slosh forces have been shown to occur.

The slosh forces reached a maximum value at excitation frequencies equal to
the flrst natural mode of oscillation of the contained liquid. A smaller, rela-
tively insignificant slosh force peak occurred at the second natural mode fre-
quency. An increase of the viscosity of the contained liquid reduced the height
to which the first- and second-mode wave forms could be driven, which reduced the
first- and second-mode slosh forces. The natural frequencies of oscillation of
the first and second mode were independent of the liquid vilscosity.

The first-mode slosh-force parameters were generslized within experimental
accuracy for all values of liquid kinematic viscosity and tank dlameter investi-
gated when presented as a function of a dimensionless viscosity parameter

v -\/gD3 and the excitation-amplitude parameter XO/D. The effectiveness of the
higher viscosity liquids in reducing the first-mode slosh forces decreased as
the tank diameter and excitation amplitude increased.

The average flrst-mode damplng ratlios were observed to be independent of the
excitation amplitude and increased with (1) an increase of the liquld kinematic
viscoslty or (2) a decrease of tank dlameter. The viscoslty parameter general-
ized the effect of kinematic viscosity and tank diameter on the average first-
mode damping ratios that could then be expressed by the equation

8 = 0.131 (VXl°4>o' >
T \Vers

Lewls Research Center
Natilonal Aeronautics and Space Adminlstration
Cleveland, Ohlo, July 11, 1963



APPENDIX - EFFECT OF A WETTED—TANK-WALL ARFA TO VOIUME RATIO ON THE
FIRST-MODE SLOSH-FORCE PARAMETER AND DAMPING RATIO
Slosh Forces

The first-mode slosh forces produced by the liquld oscillation 1in & half-
full spherical tank are dependent upon (1) tank diameter, (2) liquid mass
density, (3) gravity field under which the tank 1s oscillated, and (4) liquid-
wave-height to tank-dlameter ratio. The dimensionless slosh-force parameter gen-
eralizes the effect of varlables (1) to (3) for constant values of (4). The
wave-helght to tank-diameter ratio is primarily dependent upon (1) the
excltation-amplitude parasmeter at which the tank and 1ts contained liquid are
oscillated and (2) the liquld viscosity.

The wave-height to tank-dlameter ratio for a glven excltation-amplitude pe-
rameter XO/D would be expected to be determined by the ratio of the total vis-
cous frictilion forces to the slosh forces. The viscous frictlon forces, which
damp the liquid oscillations, are proportional to the wetted surface area of the
tank wall, while the slosh forces are proportional to the tank volume. The ratio
of the viscous friction forces to the flrst-mode slosh forces for a given liquid
can then be given by the equation

F 2
Sf g AL g /208 _ gep-l (A1)
Fg v 1/6:03

where

Fe  total viscous friction forces
K constant of proportionality
A wetted tank-wall area

Ay tank volume

For glven values of liquid mass density and excltation amplitude, the value of K
1s related to the liquid viscosity and increases with an increase in viscosity.

When considering a relatively nonviscous liquid (water, e.g.) sinusoldally
exclted at the first natural mode frequency, it was observed that the wave-helght
to tank-dlameter ratio, and, therefore, the flrst-mode slosh-force parameter, re-
malned essentially constant with a varilation of tank dlameter when the
excitation-amplitude parameter XO/D remained constant. In the case of a rela-
tively nonviscous liquid, the value of K would be quite small; therefore, the
value of the viscous friction forces would remaln small as the tank diameter in-
creased, and a varlation of the tank diameter would be expected to produce only =a
slight variatlion 1n the value of the first-mode slosh-force parameter.

For a relatively viscous 1liquid (100 percent glycerine, e.g.) the value of
K would be quite large, and the viscous friction forces, therefore, would be



large and would vary widely as the tank diameter was varied. The vigcous fric-
tion forces would also become more significant when compared to the slosh forces
8s the tank diameter decreased. For constant values of Xo/D, the wave-height to
tank-diameter ratio and, therefore, the first-mode slosh-force parsmeter de-
creased as the tank diameter decreased. It was necessary to drive the tank at
larger velues of Xo/D as the diameter decreased to overcome the viscous fric-
tion forces and to malntain a constant wave-height to tank-diameter ratio.

Damping Ratio

The damping ratio (logarithmic decrement) is a measure of the time rate of
decay of the slosh forces after the disturbance has been removed. Since the in-
stantaneous wetted surface area of a glven diameter tank 1s essentially indepen-
dent of the wave helght of a contalned liquid undergoing characterlstic first-
mode sloshing, the damping ratio would be expected to be independent of the ex-
citation amplitude. The damping ratio would be expected to be affected by the
ratio of the viscous friction forces to the slosh forces and would, therefore,
increase with elther an increase in liquid viscosity or a decrease in tank diam-
eter. Damping ratios obtalned from the experimental data are summarized in fig-
ure 12 as a function of the A/V ratio.
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Figure 1. - Small experimental slosh force test facility.
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NASA-Langley, 1963

Damping ratio, 5 =IH1BF§)H/(FS)n+ﬂ

E-2128

+© T

Kinematic viscosity,

Y,
ft2 [sec ///

.6 - // T
118. 3x10™%
-4 B / L~
yd P
- / _4300/
.2 /////////,,/’/////
/ | e
- 7.5 L —
e
11
|
0 1 2 3 4

Tenk wetted area to volume ratio, A/V = 3/D

Figure 12. - Effect of the A/V ratio on the
average first mode damping ratio for vary-
ing viscosity liquids, where
0.050 < X, < 0.900 inch.
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